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Translational GTPases (trGTPases) are involved in all four stages of protein biosynthesis: initiation, 
elongation, termination and ribosome recycling. The trGTPases Initiation Factor 2 (IF2) and Elongation 
Factor G (EF-G) respectively orchestrate initiation complex formation and translocation of the 
peptidyl-tRNA:mRNA complex through the bacterial ribosome. The ribosome regulates the GTPase cycle 
and efficiently discriminates between the GDP- and GTP -bound forms of these proteins. Using Isothermal 
Titration Calorimetry, we have investigated interactions of IF2 and EF-G with the sarcin-ricin loop of the 
23S rRNA, a crucial element of the GTPase-associated center of the ribosome. We show that binding of IF2 
and EF-G to a 27 nucleotide RNA fragment mimicking the sarcin-ricin loop is mutually exclusive with that 
of GDP, but not of GTP, providing a mechanism for destabilization of the ribosome-bound GDP forms of 
translational GTPases. 

I n all domains of life protein biosynthesis on the ribosome follows the same functional cycle (for review see 1 ). 
I First, the ribosome associates with the mRNA and locates the start codon, which is recognized by initiator 
I tRNA. Assembly of the initiation complex is regulated by several initiation factors; bacterial initiation factor 2 
(IF2) and its eukaryotic and archaeal homologues eIF5B and aIF5B, respectively, are evolutionary conserved 
GTPases involved in ribosomal subunit joining and, in the case of IF2, additionally in initiator tRNA selection 2 . 
Upon formation of the initiation complex, the ribosome starts its elongation cycle: the A-site codon is decoded by 
the aminoacyl-tRNA delivered in complex with a GTPase protein - EF-Tu in bacteria, called eEFl A in eukaryotes 
and aEFIA in archaea 3 . Next, another GTPase - EF-G in bacteria, eEF2 in eukaryotes and aEF2 in archaea - 
catalyzes ribosomal translocation along the mRNA for one codon 4,5 . The elongation cycle repeats until the 
ribosome reaches the stop codon, which is decoded by a specialized release factor (RF1/RF2 in bacteria) that 
cleaves off the produced protein 6 . EF-G also has an additional role in ribosome recycling in bacteria, acting in 
concert with the ribosome recycling factor RRF to disassemble the post-termination complex 7 . 

In vitro biochemical investigations have demonstrated that IF2 is switched to a functionally activated form by 
interactions with initiator tRNA (fMet-tRNAj), GTP, and - to much lesser extent - GDP 8 . At physiologically 
relevant temperatures off the ribosome, both bacterial IF2 and eukaryotic eIF5B have somewhat lower affinity to 
GTP than to GDP 910 , and binding of G nucleotides is largely insensitive to IF2 binding to initiator tRNA 11,12 . IF2 
interacts with the 30S ribosomal subunit via two binding sites, i.e. the N- terminus and domain II 1314 , and in the 
context of the initiation complex, the latter interaction is strongly stimulated by GTP and fMet-tRNAj 14 . 

Ribosomal translocation has been extensively studied in the bacterial system, and relationships among the EF- 
G GTPase function and distinct stages of translocation are well understood (for review see 5 ). Since in transloca- 
tion GTP cannot be substituted for monoQ-purified GDP lacking trace amounts of GTP 1518 , it is a prerequisite 
for successful translocation that while engaging the ribosome, either EF-G is in the GTP-bound form, or GDP is 
exchanged for GTP while EF-G is bound to the ribosome. Over the years, EF-G affinities to GTP and GDP have 
been measured both off and on the ribosome in several laboratories 1119 23 . Off the ribosome, EF-G has a similar 
affinity to GTP and GDP, suggesting that in E. coli where the GTP concentration, depending on the growth 
conditions, is —3-10 times higher than GDP 24 , most of the EF-G proteins are in the GTP-bound form 19 . On the 
ribosome, affinity to GTP increases dramatically 16,22-23 . According to the detailed balance principle 25 , there should 
also be a dramatic increase of EF-G:GTP affinity to the ribosome, compared to apo-EF-G. Such an increase in 
affinity has been confirmed experimentally 23,26 . 

The effects of the ribosome on EF-G's interaction with GDP are not so well understood. Estimates of the 
dissociation rate constants (fc_j) demonstrated that GDP dissociation is slowed down on the ribosome about 
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ten- fold, which was interpreted as a stabilizing effect of the 70S on the 
EF-G:GDP complex 22 . However, in the absence of the association 
rate constants (k +1 ), a decrease in the dissociation rate does not 
necessarily mean that affinity increases, since K d is a product of the 
division of the two rate constants (K d = k- r I k +1 , given that the 
interaction has a simple one step binding mechanism). Moreover, k.j 
estimates for GDP dissociation from the 70S:EF-G:GDP complex 
vary at least ten fold between different reports 22,23 , complicating the 
situation even further. This necessitates further investigations of the 
relationship between the ribosome and GDP binding to EF-G. 

A powerful method for investigating thermodynamics of molecu- 
lar interactions is Isothermal Titration Calorimetry (ITC) (for a 
review see 27 ), which we have successfully applied in the study of 
complex formation between GTPases and their ligands, such as 
nucleotides, RNAs and proteins 11,19,28 . However, studying interac- 
tions with the ribosome presents a challenge for this approach due 
to technical reasons, such as molecular aggregation. So far, only 
experiments with ribosomal subunits have been successful 29 . One 
possible way of overcoming this limitation is to use isolated ribo- 
somal components that mimic different functional centers - an 
approach that has been successfully applied to various biochemical 
and structural investigations of the translational apparatus 30 33 . 
While these partial systems necessarily overlook most of the com- 
plexity of the in vivo system, they have the advantage of allowing us to 
decouple one specific facet of the interactions from the others. 

The sarcin-ricin loop (SRL), a part of the ribosomal RNA that is 
targeted by sarcin and ricin toxins (for review see 34 ), is one of the 
most well-established oligonucleotide mimics 31,32 . In the native ribo- 
somal complex, it directly interacts with EF-G and is crucial for 
activation of GTP hydrolysis 35 37 , though recent data suggest that is 
acts merely as an anchoring point for the EF-G on the ribosome and 
is not involved directly in the GTPase activation 38,39 . Similarly, the 
SRL was documented as crucial element for IF2 function on the 
ribosome: the interaction was first shown using chemical probing 40 , 
and later validated by several cryo-electron microscopy studies 13,41 . 

Using a gel-retardation assay, a 27 nucleotide-long SRL RNA frag- 
ment was shown to bind to EF-G 32 . Surprisingly, SRL:EF-G complex 
formation is strongly inhibited by the presence of GDP and is insens- 
itive to GDPNP, a non-hydrolysable GTP analogue. Differential 
effects of GDPNP and GDP, together with mutagenesis data suggest 
that the model reaction described by Munishkin and Wool 32 reflects a 
relevant partial reaction rather than non-specific interaction between 
EF-G and the RNA oligonucleotide. Several questions, however, 
remain unanswered in the original report. First, GDPNP, even 
though it is a widely used mimic of GTP, does not have exactly the 
same properties and often has considerably lower affinity, therefore 
sometimes failing to represent the effects of GTP faithfully 42 44 . Since 
the SRL RNA oligonucleotide does not induce GTP hydrolysis on 
EF-G 37 , it is principally possible to perform ITC experiments with 
GTP rather than GDPNP. Second, by the detailed balance argu- 
ment 25 , inhibition of EF-G:SRL complex formation by GDP suggests 
that SRL binding to EF-G should result in a strongly decreased affin- 
ity to GDP. This prediction has never been tested experimentally. 
Third, cross-talk between binding of G nucleotides and the SRL to 
other translational GTPases such as IF2 has never been investigated. 

Results 

In the absence of nucleotides, EF-G associates with the SRL with a K d 
of 5.9 uM at 5°C and 4.2 uM at 25°C (Figure 1 A.Table 1), which is in 
satisfactory agreement with the ~7 uM K d reported by Munishkin 
and Wool 32 . The complex formation has stoichiometry close to unity, 
indicating its specificity. The interaction is entropy driven (AH 
4.94 kcal/mol vs TAS 11.57 kcal/mol), suggesting a hydrophobic 
nature 45 . The addition of GTP at 500 uM had no significant effect 
on the interaction between EF-G and the SRL (K d 3.7 vs 4.2 uM, 
Table 1). However, in the presence of 500 uM GDP, no complex 



formation was detected, again in good agreement with the results 
of Munishkin and Wool. 

After validating the inhibitory effect of GDP on SRL:EF-G com- 
plex formation, we tested the effects of the SRL on the binding of 
GDP and GTP to EF-G. In the case of GTP, the presence of 60 uM 
SRL had an insignificant effect on the interaction between EF-G and 
the nucleotide (K d 2.4 vs 2.7 uM, Table 1). Binding of GDP, however, 
was considerably inhibited by the SRL, with apparent K d increasing 
four times in the presence of 60 uM SRL (Table 1). The addition of 
200 uM SRL to EF-G resulted in almost complete inhibition of GDP 
binding (Figure IB), demonstrating the competition directly. To 
validate the specificity of the SRL:EF-G interaction, we employed 
an SRL G2655U mutant that displays dramatically weaker binding 
to EF-G as judged by gel-shift analysis 32 . Using 25 uM EF-G in the 
cell and 250 uM SRL G2655U in the syringe, we failed to detect 
binding at 4 and 25°C (data not shown). This indicates that the 
mutation indeed severely affects the Gibbs free energy and/or 
enthalpy of the interaction, in line with the results of Munishkin 
and Wool 32 . 

Next, we investigated SRL interactions with IF2 (Table 2). In 
the absence of nucleotides, IF2 and the SRL form a considerably 
tighter complex than the SRL and EF-G (K d 0.67 uM vs 4.2 uM at 
25°C). This interaction was, as with EF-G, mostly entropy- driven 
(AH— 2.27 kcal/mol vs TAS 6. 14 kcal/mol). Complex formation was 
largely insensitive to the GTP nucleotide (K d of 1 uM in the presence 
of 500 uM GTP), and, again, just as in the case of EF-G, addition of 
500 uM GDP inhibited the interaction between IF2 and SRL com- 
pletely, both at 5°C and 25°C. Binding of GDP in the presence of 200 
uM SRL was not detected, again indicating strong mutual competi- 
tion between GDP and SRL binding. 

In our recent ITC investigations of IF2 complex formation with 
fMet-tRNAi we observed no significant inhibitory effect of GDP, 
indicating the SRL:IF2 interaction is distinct from other IF2:RNA 
interactions 11 . To further investigate the specificity of the SRLLF2 
interaction, we analyzed IF2 binding to the SRL G2655U mutant. The 
G2655U mutation resulted in a modest two-fold increase in the K d of 
IF2:SRL complex formation, but partitioning of the Gibbs free energy 
between the enthalpic and entropic components was dramatically 
altered (AH -2.27 kcal/mol and TAS 6.14 kcal/mol for wt SRL vs 
AH -6.0 kcal/mol and TAS 2.03 kcal/mol for the G2655U mutant). 
This effect, known as enthalpy- entropy compensation, is a hallmark 
of biological molecular interactions and is observed when a system is 
perturbed by temperature or ionic strength changes, mutations, 
binding of allosteric ligands etc. 46 . 

Another ribosomal element that interacts with translational 
GTPases is ribosomal protein L7/L12 47 , which on the ribosome inter- 
acts with the G domain of EF-G via its CTD domain 35 . The inter- 
action between isolated L7/L12 and the apo-form of EF-G has been 
shown to be extremely weak (K d = 0.4 ±0.1 mM), but it has been 
suggested that it could be affected by G nucleotides 48 , suggesting a 
possibility that interaction with L7/L12 could be responsible for the 
dramatic increase in EF-G affinity to GTP. Therefore we have ana- 
lyzed L7/L12 binding to EF-G in a wide range of temperatures at 
increasing concentrations of the interacting partners. Even when EF- 
G at 400 uM was titrated with 4.7 mM L7/L12, the interaction signal 
was mainly dominated by the dilution heat (Supplementary Text SI: 
Supplementary Figure SI), and was not detectibly stimulated by 
addition of 1 mM GTP and GDP (data not shown). 

Discussion 

In this report we provide an in-depth thermodynamic analysis of the 
interaction of bacterial translational GTPases EF-G and IF2 with the 
SRL rRNA element. Recent investigations suggest a possibility that 
the SRL acts as an anchoring point for GTPase binding to the ribo- 
some and is not implicated in GTPase activation per se 38,39,49 . Our 
complementary quantitative analysis demonstrates that binding of 
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Figure 1 | GDP and SRL binding to EF-G are mutually exclusive. ITC titration curves (upper panel) and binding isotherms (lower panel) for the 
interaction of EF-G with SRL (A) in the absence (in black) and in the presence (in red) of 500 uM GDP and for the interaction of EF-G with GDP (B) in the 
absence (in black) and in the presence (in red) of 200 uM SRL at 25°C, pH 7.5. 



GDP and the SRL to GTPases IF2 and EF-G are mutually exclusive, able (Tables 1 and 2, Figure 2). Taken together, this suggests that apo- 
while the thermodynamic profiles of complex formation between and GTP-bound forms of both EF-G and IF2 are efficiently discri- 
apo- and GTP-bound GTPases and the SRL are almost indistinguish- minated by the SRL to the exclusion of the GDP-bound forms. The 



Table 1 | Thermodynamic parameters of SRL, GDP and GTP binding to EF-G determined by isothermal titration calorimetry a 



Sample 


Ligand 


T, °C 


C M" 1 




AH d / kcal/ mol 


tas b , kcal/mol 


ag'/ kcal/ mol 


EF-G 


SRL 


5 


1.7xl0 5 


5.9 


4.94 


11.57 


-6.63 




SRL 


25 


2.4x1 0 5 


4.2 


1.75 


9.09 


-7.34 




GDP 


4 


6.0x 1 0 5 


1.7 


-8.29 


-0.97 


-7.32 




GDP 


25 


5.6x1 0 5 


1.8 


-8.58 


-0.74 


-7.84 




GTP 


5 


1.2xl0 5 


8.3 


1.73 


8.17 


-6.44 




GTP 


25 


3.7xl0 5 


2.7 


-1.84 


5.75 


-7.59 


EF-GiSRUo* 


GTP 


5 


1.8xl0 5 


5.6 


1.65 


8.31 


-6.66 




GTP 


25 


4.2x1 0 5 


2.4 


-1.67 


6.00 


-7.67 




GDP 


25 


1 .5x 1 0 5 


6.7 


-4.84 


2.22 


-7.06 


EF-G:SRL 20 o* 


GDP 


25 


ADI 




ADI 






EFG:GDP SO o* 


SRL 


25 


ADI 




ADI 






EFG:GTP 500 * 


SRL 


25 


2.7x1 0 5 


3.7 


1.72 


9.13 


-7.41 



"All measurements were performed three to five times in phosphate buffer (5 mM K2HPO4, 1 0% glycerol, 95 mM KG, 1 mM DTT and 5 mM MgCl2, pH 7.5). 

b K a - affinity constant; standard deviation did not exceed ±20%. 

°Kd- dissociation constant; calculated as ]/K a . 

d AH - enthalpy variation; standard deviation did not exceed ± 1 0%. 

e TA5- entropy variation; calculated from the equation AG=AH-TAS. 

'AG - Gibbs energy; calculated from the equation AG=—RTIiiKa. 

The lowercase number indicates the concentration in u.M. Concentration of EF-G was kept constant at 24 liM. 
ADI - indicates Absence of Detectible Interaction rather than absence of measurements. 
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Table 2 | Thermodynamic parameters of SRL, GDP and GTP binding to IF2 determined by isothermal titration calorimetry a 



Sample 


Ligand 


T, °C 


C M-' 


KJ, nM 


AH d , kcal/ mol 


7- A 5 e , kcal/mol 


AG f , kcal/ mol 


IF2 


SRL 


25 


1 .5xl0 6 


0.67 


-2.27 


6.14 


-8.41 


IF2 


GDP 


25 


6.1 xlO 5 


1 .6 


-1 1 .30 


-3.42 


-7.88 


IF2 


GTP 


25 


1.5xl0 5 


6.7 


-18.72 


-1 1 .67 


-7.05 


IF2:GTP 50 o* 


SRL 


25 


1 .Ox 1 0 6 


1 .0 


-2.24 


5.96 


-8.20 


IF2:SRL 20 o* 


GTP 


25 


1 .7x 1 0 5 


5.9 


-17.1 1 


-9.98 


-7.13 


IF2:GDP SO o* 


SRL 


5 


ADI 




ADI 






IF2:GDP 50 o* 


SRL 


25 


ADI 




ADI 






IF2:SRL 20 o* 


GDP 


25 


ADI 




ADI 






IF2 


SRLg26S5U 


25 


7.3x1 0 5 


1.4 


-6.00 


2.03 


-8.03 


IF2:GTP 50 o* 


SRLg2655U 


25 


5.7x10 s 


1.8 


-6.00 


1.90 


-7.90 


IF2:GDP 50 o* 


SRLg2655U 


25 


ADI 




ADI 






IF2 


SRLg26S5U 


5 


2.8x1 0 5 


3.6 


-3.90 


3.28 


-7.18 


IF2:GDP 50 o* 


SRLg26S5U 


5 


ADI 




ADI 







"Symbols, abbreviations and other details are given in the Table 1 footnote. Concentration of IF2 was kept constant at 20 j.iM. 



active role of GDP in regulation of the interaction of EF-G and IF2 
with the SRL provides a mechanism for selective destabilization of 
GDP-bound forms of translational GTPases on the ribosome after 
GTP hydrolysis. 

Comparison of cryo-EM reconstructions of ribosome-bound 
IF2:GDP and IF2:GDPNP shows that IF2 has extensive contacts with 
the SRL only in the GDPNP -bound complex 50 . This observation is in 
good agreement with our thermodynamic data demonstrating an 
inhibitory effect of GDP on the IF2:SRL interaction. The relatively 
low resolution of this cryo-EM reconstruction does not allow us to 
discern the molecular details of the IF2:SRL interface. However, the 
crystal structure of EF-G blocked on the ribosome in complex with 
GDP in the presence of fusidic acid provides an atomic level resolu- 
tion the EF-G:SRL interface. The shoulders of domains III and V are 
in close proximity to the SRL, as are residues from the P loop, switch 
II and a conserved loop in between switch II and the G4 nucleotide 
binding motif (PDB IDs 2WRI and 2WRJ 35 (Figure 3)). By having 
multiple contact points spanning three domains of the GTPase, the 
SRL may monitor the overall conformation of the protein, as well as 
specifically sensing the state of G-domain. 

Since interaction with SRL regulates both EF-G and IF2 binding to 
G nucleotides in the same manner - strong inhibition of GDP bind- 
ing and virtually no effect on GTP binding - it is likely that the 
mechanism is the same in both cases. Allosteric effects are usually 
mediated via structural rearrangements; however, allostery mediated 
by changes in the conformational entropy without alterations of the 



overall structure is well documented 51,52 . Recent investigations of 
bacterial initiation factor IF2 showed profound structural rearrange- 
ments in the GDP-bound as compared to the apo-state 9-53-54 , in agree- 
ment with complementary biochemical experiments demonstrating 
the functional differences between the two 8 . However, in the case of 
EF-G, an absence of significant structural rearrangements in EF-G in 
the presence of G-nucleotides was suggested on the basis of Small 
Angle X-ray Scattering (SAXS) 55 and analysis of the changes in 
the Solvent Accessible Area (SAA) inferred from the ITC data 19 . 
However, it should be noted that both of these methods are intrins- 
ically incapable of detecting structural rearrangements that do not 
lead to changes in the radius of gyration (SAXS) or SAA (ITC). In 
conclusion, we suggest that GDP is likely to exert its effects on SRL 
binding via alteration of conformational entropy by affecting protein 
motions rather than structure 56 . Direct validation of this prediction 
requires high-end NMR investigations focused on protein side chain 
dynamics 57 . 

Further investigations are required in order to put the SRL effect 
into a kinetic framework of sequential interactions of IF2 and EF-G 
GTPases with the ribosome during their functional cycle. In the case 
of IF2, GDP was documented to have a weak activating effect on 
subunit joining 8 , which is likely connected to GDP-mediated rear- 



rangements 



Time-resolved FRET studies of IF2 contacts with 



various components of the initiation complex - SRL, L7/12, fMet- 
tRNAi - are necessary in order to uncover the functional role of the 
SRL and GDP competition for IF2 binding. 



GTPase:GDP 



SRL:GTPase:GDP 



K = 1.8 u.M 



K = 1 .6 uM 



K„ = 5.9 uM 

( GTPase ) >- SRLGTPase 



K = 2.7 \xM 



K d = 0.67 |iM 
K = 6.7 |iM K = 2.4 uM 



T 

GTPase:GTP 



K. = 3.7 uM 



K d = 5.9 \iM 



K = 1 .0 uM 



-» ( SRL:GTPase:GTP ) 



Figure 2 | A schema of the interplay among G nucleotide and SRL 
binding to bacterial GTPases EF-G and IF2. The affinity constants for 
different trGTPase complexes (EF-G in red and IF2 in blue) are shown, as 
measured at 25°C. 



G domain 




Figure 3 | The SRL contacts three domains of EF-G. EF-G is coloured by 
domains, as labeled on the figure. The SRL is shown as space-fill, in grey, 
while GDP and the magnesium ion are in yellow and green, respectively. 
The structure is taken from PDB IDs 2WRI and 2WR) (the crystal structure 
of EF-G on the ribosome 35 ). 
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Methods 

EF-G, IF2, L7/12 and SRL preparations. The HPLC-purified SRL RNA 
oligonucleotide (wt 5' GGGCUCCUAGUACGAGAGGACCGGAGU 3', and 
G2655U mutant 5' GGGCUCCUAUUACGAGAGGACCGGAGU 3') 32 was 
purchased from DNA Technology. The 6His tagged E. coli EF-G and IF2 cloned in the 
expression construct described by Forster and colleagues 58 were overexpressed as 
described for the non-tagged IF2 59 , and purified in essentially the same way, with an 
addition of a Ni-NTA purification step before the rest of the chromatographic 
procedures. Cloning, overexpression and purification of E. coli L7/L12 is described in 
Supplementary Text Si: SI Methods. 

Isothermal titration calorimetry. The thermodynamic parameters of IF2 and EF-G 
binding to G nucleotides and the SRL RNA oligonucleotide were measured using a 
MicroCal iTC 2 oo instrument (MicroCal, Northampton, MA) as described 60 . 
Experiments were carried out at 5 or 25 °C in phosphate buffer (5 raM K 2 HP0 4 , 10% 
glycerol, 1 mM DTT, 95 mM KC1 and 5 raM MgCl 2 , pH 7.5). 2.5-ul aliquots of 
ligands were injected into the 0.2-mL cell containing the protein solution to achieve a 
complete binding isotherm. Protein concentration in the cell ranged from 5 to 40 uM 
and ligand {G nucleotide or SRL RNA oligonucleotide) concentration in the syringe 
ranged from 50 to 500 uM. Investigations of EF-G binding to L7/L12 used 50 to 
400 uM EF-G in the cell and up to 4.7 mM L7/L12 in the syringe. The heat of dilution 
was measured by injecting the ligand into the buffer solution or by additional 
injections of ligand after saturation; the values obtained were subtracted from the heat 
of reaction to obtain the effective heat of binding. The resulting titration curves were 
fitted using MicroCal Origin software using one binding site model. Interactions were 
characterized by stiochometry close to unity, indicating high activity and 
homogeneity of the protein and SRL preparations. Affinity constants (K a ), binding 
stoichiometry and enthalpy (AH) were determined by a non-linear regression fitting 
procedure. Idle GTP hydrolysis by GTPases during titration experiments was 
assessed by TLC and was not exceeding 1-2%. 
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